Introduction
============

The onset of puberty and sexual maturity shows variations in buffalo breeds from different continents.[@R1] The Murrah breed is considered the most important and efficient milk and fat producer,[@R2] but aspects of its reproduction are unknown. Some data suggest that male Murrah buffalo from the Indian continent reached full productive sexual maturity late in life, i.e., from 2 to 3 y onwards.[@R3]^,^[@R4] In contrast, crossbreeds derived from Murrah x Mediterranean buffaloes, maintained in an extensive breeding system in Brazil, may enter into puberty earlier than other breeds, i.e., between 10 to 15 mo, and may reach sexual maturity between 16 to 24 mo.[@R5] However, data related to reproductive characteristics, as well as a histological evaluation of its seminiferous tubules, are scarce for Murrah breeds. Moreover, data on testicular structure and function, focusing on testicular morphometry and an estimate of daily sperm production, have not been evaluated in Murrah buffaloes.

In order to better understand these aspects of male reproduction in Murrah buffaloes and its relationship to maintenance conditions, we investigated spermatogenesis and daily sperm production (DSP) in two age groups (18 and 24 mo) that are close to the transition from puberty to sexual maturity in other buffaloes, especially from Brazil. In general, measurement of the DSP rate in different species can highlight genetic potential and therefore improve the management of these animals.[@R6] An important criterion of superior sire selection in buffalo bulls is the number of sperm that a bull produces.[@R1] The DSP per gram of testis is an effective parameter to estimate the spermatogenic efficiency of an animal.[@R6]

Results
=======

Organization of testicular cells
--------------------------------

The testes from animals at 18 mo showed a particular uniformity in histological sections, including the formation of small gaps in the sex cords, in the form of small vacuoles. The gonocytes could be visualized; however, the spermatogonia were observed to be in the process of differentiation; their nuclei were round, and the major axis was located close to the cord basement membrane. Few primary spermatocytes were found in this age group. The supporting cells were differentiated in a triangular shape located close the basement membrane. The interstitial space still presented clustered Leydig cells and blood vessels ([Fig. 1A](#F1){ref-type="fig"}). These differences emphasize the fact that at 18 mo, the animals presented sex cords at the beginning of the lighting process and other cords that were still completely devoid of vacuoles ([Fig. 1C and D](#F1){ref-type="fig"})

![**Figure 1.** Photomicrographs of buffalo testis at 18 mo (A, C and E) and 24 mo (B, D and F) in transverse sections. (A and C) Seminiferous tubules showing spacing (arrows), gonocytes (G), spermatogonia (A) and supporting cells (S). (B and D) In the seminiferous tubules in the process of lighting (I), elongated spermatids (AL) and diplotene primary spermatocytes are seen (D). (E) Seminiferous tubules of animals at 18 mo presenting the germinal epithelium (Eg). (F) Seminiferous tubules of animals at 24 mo presenting sperm (Sp) and flagellated sperm (arrow). HE staining, 200x (A and B); toluidine blue, 1000x (C and D). Bar: 10 µm (E and F).](spmg-2-88-g1){#F1}

Testes at 24 mo still presented all cell types in the seminiferous epithelium: Sertoli cells, spermatogonia, pre-leptotene and leptotene primary spermatocytes, pachytene primary spermatocytes, zygotene primary spermatocytes, diplotene primary spermatocytes, round spermatids and sperm liberated into the tubular lumen in certain tubules ([Fig. 2](#F2){ref-type="fig"}). The spermatogonia were more visible and were located close to the seminiferous tubule basal lamina, presenting an oval shape. Sertoli cells presented irregular, almost triangular, light nuclei with characteristics of mature differentiated cells. The animals presented seminiferous tubules with sperm in the lumen ([Fig. 1B and F](#F1){ref-type="fig"}).

![**Figure 2.** Electron micrograph of the buffalo testis for the identification of spermatogenic-lineage cells present in seminiferous tubules. (A) Sertoli cell; (B) spermatogonia; (C) pre-leptotene/leptotene primary spermatocyte; (D) zygotene primary spermatocyte; (E) pachytene primary spermatocyte; (F) diplotene primary spermatocyte; (G) round spermatids with deposition of chromatin on the superior base toward the sperm formation (arrow); (H) elongated spermatids; (I) sperm (arrow). Bar: 2 µm.](spmg-2-88-g2){#F2}

The scanning electron microscopy and transmission electron microscopy analyses of the testes clearly demonstrated the differences in morphology of the seminiferous tubules in both groups.

### Testicular morphometry and daily sperm production (DSP)

The data on tubule diameter, seminiferous epithelium height and seminiferous tubule volume and length are shown in [Table 1](#T1){ref-type="table"}.

###### **Table 1.** Morphometric parameters of Murrah buffalo testes: tubular diameter, seminiferous epithelium height, and seminiferous tubule volume and length

  Parameters                            Group 1         Group 2
  ------------------------------------- --------------- ------------------
  Tubular diameter (µm)                 77,12 ± 6,83a   156,96 ± 4,51b
  Seminiferous epithelium height (µm)   **---**         34,72 ± 2,77
  Tubular volume (%)                    **---**         79,35 ± 2,84
  ^1^STTL per testis (m)                **---**         3.003,93 ± 675,5
  ^1^STTL per gram testis (m)           **---**         42,94 ± 12,50

^1^STTL, seminiferous tubule total length. Means with different superscript letters in the same line are significantly different (p \< 0.05) as estimated by analysis of variance and Student's test.

The numbers of cells per seminiferous tubule transverse section at stage 1 are presented in [Table 2](#T2){ref-type="table"}. The following cell types were found: Sertoli cells, spermatogonia, pre-leptotene primary spermatocytes, pachytene primary spermatocytes and round spermatids.

###### **Table 2.** Adjusted numbers[@R1] of cells per transverse section of Murrah buffalo seminiferous tubules at 24 mo

  Group    SPG           Primary spermatocyte   SPD Ar          Sertoli Cells   
  -------- ------------- ---------------------- --------------- --------------- -------------
  **G2**   3,19 ± 2,34   7,39 ± 6,08            11,87 ± 18,12   33,94 ± 6,72    5,83 ± 3,93

^1^Adjusted according to Abercrombie (1946); SPG, spermatogonia; PL/L, pre-leptotene/leptotene primary spermatocytes; P, pachytene spermatocytes; SPD Ar, round spermatids at stage 1.

The level of sperm production represents the production of sperm per gram of testis per day. Based on the premise that during the spermatogenic process, there are no significant losses, the computed number of round spermatids at stage 1 of the buffalo SEC was considered to be the population size of the sperm. The buffaloes' daily sperm production in this study was 0.97 x 10^9^ sperm per testis, i.e., 13.26 million sperm produced per gram of testis per day.

Discussion
==========

Organization of testicular cells
--------------------------------

In this study, it was observed that Murrah buffaloes showed immature at 18 mo and spermatogenic activity at 24 mo. According to histological analyses, variations in the buffalo species pubertal stage can be observed.[@R5]^,^[@R7]^,^[@R8] Ohashi,[@R7] analyzing crossbred buffaloes (Mediterranean x Jaffarabadi), observed that puberty began in animals aged 10 to 14 mo. Bongso[@R8] observed in the Carabao bull that puberty occurred at approximately 16 mo. Another study observed that in crossbred buffaloes (Murrah x Jaffarabadi), puberty occurred at 13 mo.[@R5]

The animals at 24 mo, when compared with crossbreeds in Brazilian conditions,[@R5] were considered delayed. Our histological analysis of the spermatogenic process indicated that these animals were not at sexual maturity. Melo,[@R5] analyzing crossbred buffaloes at 24 mo that weighed 468.6 ± 69.8 kg, found that these animals had not reached sexual maturity.

In addition to species specificity, the buffaloes' nutrition and breeding system are the main factors that affect buffalo and cattle reproductive performance, especially in *Bos taurus*; because the buffalo and *Bos indicus* are kept in extensive breeding systems, major nutritional deficiencies can result delay in reproductive development.[@R9]

Regarding the breeding system employed, the animals of this study were subject to a milk-production breeding system; therefore, the lactating calves might have received insufficient milk, which is a possibility that reinforces the delay of their reproductive development. Despite the genetic and nutritional improvements[@R10] provided by female buffaloes, buffalo calves that are breastfeeding are denied a portion of their mothers' milk,[@R11] which compromises their growth. However, to increase the amount of milk designated for commercialization, producers of buffaloes in intensive breeding programs in other countries resort to feeding buffalo calves cow\'s milk and milk substitutes, which does not significantly compromise the development or weight gain of neonates.[@R12]

Testicular morphometry
----------------------

The data in [Table 1](#T1){ref-type="table"} demonstrate that the tubule diameters differed between the groups and were both lower than those observed in crossbred buffaloes at the same ages.[@R12]

In many mammals, the seminiferous tubules occupy 70 to 90% of the testicular parenchyma.[@R13] The animals of this study presented a lower tubular volume compared with other farm animals, such as goats of the Pardo-Alpina breed (87, 7%)[@R13] and pigs (86, 9%).[@R14]

The seminiferous tubule length per gram of testicular parenchyma varies between 10 and 30 µm.[@R15] The animals of the present study exhibited a total length per gram of testis of 42,94 µm, which is higher than those observed in goats (26,16 µm).[@R16] The high seminiferous tubule total length could have been linked to the small tubule diameter because the length is determined from the ratio of the total volume of the tubule to the tubule diameter.

According to Castro,[@R17] studies on spermatogenesis should include not only the classification of the SEC stages but also the list of cell types present such that the evolution of each cell type throughout the cycle can be quantified.

This study observed fewer spermatogonia in the buffalo compared with those reported in pigs.[@R18] The number of spermatogonia observed at 24 mo was similar to Murrah buffaloes at 48 mo, which showed that spermatogenesis was established in both studies.[@R4] The proportion of pre-leptotene/leptotene buffaloes found in this study was similar to those observed in the literature for pigs[@R18] and higher than those in buffaloes.[@R4] The pachytene primary spermatocytes showed similar values, as previously reported. This study observed fewer Sertoli cells per seminiferous tubule transverse section compared with the aforementioned studies and also compared with buffaloes,[@R12] Murrah buffaloes.[@R4] The number of buffalo round spermatids per seminiferous tubule transverse section found in this study at 24 mo was lower than those found in goats,[@R16] and higher than those observed in Angus bulls[@R19] and Murrah buffaloes.[@R4]

DSP
---

The daily sperm production per gram of testis is an effective and easy comparison between species because it eliminates the disparity caused by testicular weight and the duration of spermatogenesis. Spermatogenic efficiency in mammals depends mainly on the testis seminiferous tubule volumetric density (%), the number of generations of spermatogonia and the spermatogenic efficiency of the process.[@R20]

The daily sperm production per gram of testis can be classified into three levels: (1) Species with high spermatogenic efficiency, which produce 20 to 30 million sperm; these species include domestic animals,[@R20]such as pigs, horses, sheep and rabbits, mice,[@R21] rhesus monkeys.[@R22] (2) Species with average spermatogenic efficiency, producing ten to 20 million sperm per day, among which are cattle,[@R20] domestic cats[@R23] and capybaras.[@R24] (3) Species that produce less than ten million sperm, for example, humans[@R25] and opossums.[@R26] As observed previously, the buffaloes in this study, which produced 13 million sperm per gram of testis per day, are among the species with average spermatogenic efficiency.

The animals of this study were classified as impuberal at 18 mo and pubertal at 24 mo. Therefore, under the breeding conditions of the present study, the testis morphological development of the buffalo began late and progressed slowly, resembling those reported in Murrah buffaloes.[@R4] This deficiency could be attributed to the type of feeding and breeding systems utilized. However, the animals presented superior morphometric parameters, except for the seminiferous tubule volume and diameter, compared with previously studied farm animals. Murrah buffaloes presented fewer germ cells and Sertoli cells compared with livestock and exhibited an average-efficiency DSP.

Materials and Methods
=====================

Animals
-------

Seven male Murrah buffaloes from the Department of Animal Production, College of Veterinary Medicine and Animal Science, University of Sao Paulo State, Campus of Botucatu, SP were divided into two groups: G1 consisted of four animals at 18 mo and G2 consisted of three animals at 24 mo. The animals were raised in an extensive breeding system. They were fed with *Brachiaria sp* and salt *ad libitum* and supplemented with corn silage during dry season. The animals were regularly vaccinated and were treated to control endoparasites and ectoparasites.

After the animals were physically examined and anesthetized, orchiectomy was performed to remove the testicles. The collected material was fixed for light microscopy and scanning electron microscopy. To characterize the stages of the seminiferous epithelium cycle, the tubular morphology method was used,[@R27] which consisted of observing the modifications in the shape and position of the spermatid nuclei and the occurrence of meiotic division in the seminiferous epithelium.[@R28] This study was approved by the ethics committee UNESP/Dracena‑Protocol No. 17/2011.

Histological processing
-----------------------

The testes were separated from the epididymis and sectioned into fragments for placed in Bouin\'s solution for 24 h. After dehydration in increasing concentrations of ethanol followed by xylene, the fragments were embedded in paraffin (Histosec, Merck).[@R29] Sections of 5 µm thickness were processed on a Leica Microtome (RM2145) and subsequently stained with hematoxylin-eosin (HE). Following the HE staining, digital photomicrographs were taken to identify and associate the cell types and to characterize the seminiferous epithelium cycle.

Scanning electron microscopy (SEM)
----------------------------------

The fragments of testicular parenchyma were fixed in 2.5% glutaraldehyde, cryofractured in liquid nitrogen and post-fixed in 1% osmium tetroxide (EMS ®) for 1.5 h. The fragments were subsequently dehydrated in increasing concentrations of ethanol and were dried to the critical point (Balzers CPD 020). Next, the fragments were placed on stubs, covered with a gold plating ("sputtering" Emitech K 550) and analyzed by scanning electron microscopy (Leo 435 VP, University of Sao Paulo State, Department of Surgery, Anatomy Sector-FMVZ/USP).

Transmission electron microscopy (TEM)
--------------------------------------

To perform TEM, the fragments were previously fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer at pH 7.2. The material was washed in 0.1 M sodium phosphate buffer, pH 7.4, three times for 10 min and postfixed in 1% osmium tetroxide for 1 h. Following additional washes in phosphate buffer, the fragments were dehydrated in 50%, 70%, 90% and 100% ethanol and washed in propylene oxide. For 12 to 16 h, the fragments were rotated in a 1:1 solution of propylene oxide and resin. Subsequently, this mixture was replaced with pure resin in molds for 4 to 5 h. Once embedded, the fragments remained in an incubator at 69°C for 72 h to consolidate the resin polymerization. Semi-thin sections were obtained for staining in a hot solution of 1% borax in distilled water containing 0.25% toluidine blue for observation under light microscopy. Subsequently, the resin blocks were sectioned with an ultra-Microtome for TEM (Leica Ultracut UCT).

Testicular morphometry
----------------------

To measure the seminiferous epithelium tubular diameter and height, 30 histological sections were analyzed per animal at stage 1 of the seminiferous epithelium cycle (SEC). Outlines that were as close to circular as possible were made and randomly selected. The seminiferous tubule volumetric proportion was determined using a counting grid with 336 points of intersection, where 10 fields in each animal were analyzed at 200x magnification, for a total of 10,080 points. The total length of the seminiferous tubules (STTL) was calculated based on the total volume of the seminiferous tubules (VTTS) using the formula proposed by Attal and Courot[@R30] and Dorst and Sajonski[@R31]: STTL = VTTS/πR2 (R = tubular diameter/2). The comparison between the average diameters of the seminiferous tubule at different ages was tested by Student's t-test.

Quantification of cellular and daily sperm production
-----------------------------------------------------

In animals with complete spermatogenic activity, 10 circular outlines were analyzed of seminiferous tubules that were held in stage 1 of the SEC. The following cell types were present: Sertoli cells, spermatogonia, pre-leptotene primary spermatocytes, pachytene primary spermatocytes and round spermatids. To calculate the cell number, the formula proposed by Abercrombie[@R32] was used: no. of cells = corrected cell count x \[(section thickness) / (section thickness + nuclear diameter)\].

In 20 cross-sections of seminiferous tubules, the number of nucleoli of Sertoli cells in stage 1 of the SEC was quantified. Based on the value of the STTL and the number of nucleoli of Sertoli cells (S) per seminiferous tubule, cross-sections were used to calculate the total number of Sertoli cells (NTSC) per testis using the formula described by Hochereau-de-Reviers and Lincoln[@R33]: NTSC = (STTL × nº corrected from S per transverse section)/thickness section. To determine the NTSC per gram of testis, the calculated NTSC was divided by the weight of the testis. The estimated daily sperm production (DSP) from the quantitative histology was calculated using the following formula:[@R34]

DSP = (NTCS x nº round spermatids at stage 1 by CS x frequency of stage 1) / duration of the stage 1 in days.

To obtain the DSP g−1 of testis, the calculated value from this formula was divided by the testis weight.
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